ABSTRACT The two-dimensional electrophoretic technique of OFarrell has been adapted to the analysis of human plasma proteins, and 30 polypeptides have been identified in the pattern produced. Genetic variants involving charge (isoelectric point) or size (molecular weight in the presence of sodium dodecyl sulfate) changes should be routinely detectable in at least 20 proteins at once, facilitating studies of human mutation rates.
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Various forms of electrophoresis have for some time been the best tools for analyzing complex protein mixtures, especially blood plasma. In 1937, Tiselius separated serum globulin into a,3, and y components (1) . Since then a steady increase in resolution has taken place due to the introduction of acrylamide gels (2) , stacking systems (3, 4) , isoelectric focusing (5), and more recently a variety of two-dimensional systems exploiting either a pair of electrophoretic methods (6) (7) (8) or electrophoresis and immunochemical specificity (9) . The later methods can resolve perhaps 60 protein components in plasma (10) at the level of undissociated complexes, but the amount of detailed biophysical information available from such separations is limited by the fact that most undissociated plasma proteins are very large (40,000 to several million daltons). An alternative technique, recently developed by O'Farrell (11) and others (12) (13) (14) and adapted by us to allow convenient analysis of large numbers of samples in parallel (15, 16) , separates proteins in two dimensions under dissociating conditions [isoelectric focusing in 9 M urea/2% Nonidet P-40 followed by electrophoresis in the presence of sodium dodecyl sulfate (NaDodSO4)]. The system has three principal advantages over earlier two-dimensional methods: (i) it deals almost exclusively with individual gene products, simplifying genetic analysis of variants; (ii) it combines two different very high resolution separations yielding a combined resolution better than 0.1 charge unit and 1000 daltons for an average 50,000-dalton protein; and (iii) it may provide the best available way to investigate the in vivo characteristics of plasma proteins, since samples can be run that have been fully denatured in NaDodSO4 immediately upon acquisition (17) . By exploiting these advantages and using protein staining instead of autoradiography for detection, two areas of plasma protein study may be directly attacked: the search for genetic variants and the study of glycoprotein heterogeneity (N. L. Anderson and N. G. Anderson, unpublished observations). In this paper we concern ourselves primarily with the genetic aspect of the work. Here the potential advantages in monitoring 20-50 loci by one technique are considerable (18) . Although two-dimensional electrophoresis is inherently more time-consuming than most one-dimensional techniques, we have constructed simple, inexpensive equipment (15, 16) 15, 30 , and 60 jul of human serum on three successive days. The mixture was stored throughout at 40 and centrifuged in the microfuge for 1 min before each addition and before collection on the fourth day. The resulting precipitate was washed twice in cold 0.1 M phosphate buffer (pH 7). Immunoprecipitates made by reacting antisera with heparinized plasma contained may contaminants and were not used here. Hemoglobin and actin were identified on the basis of their abundance in erythrocyte lysates and platelets, respectively.
Treatment of Samples. Denaturation in NaDodSO4 and mercaptoethanol has been used here in hopes of abolishing any protein-modifying enzymatic activity at the outset and in order to separate tightly bound complexes. It is shown in this and other work (17) that the added NaDodSO4 is removed from proteins during isoelectric focusing in urea/Nonidet P-40 (the NaDodSO4 focuses alone at the extreme acid end of the first dimension gel producing a small swollen region which identifies that end). The following procedure was used to prepare samples of plasma and purified proteins in solution: a 10-jul sample was mixed with 20,ul of 2% NaDodSO4/5% 2-mercaptoethanol/ 10% glycerol in a 400-Al microfuge tube, and the mixture was heated for 5 min in a 950 heating block. When cool, all or part of this sample could be applied to the isoelectric focusing gel; however, any more than the stated quantity of NaDodSO4
Abbreviations: NaDodSO4, sodium dodecyl sulfate; Ig, immunoglobulin.
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The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Two-Dimensional Electrophoresis. The basic method has been described in great detail by O'Farrell (11). Our modifications, apart from the use of NaDodSO4 denaturation (17) , involve the use of labor-saving devices for simultaneously casting and running 20 isoelectric focusing gels (the ISO apparatus and procedures described in ref. 15 The identities of various proteins are established by running pure preparations or immunoprecipitates (made by reacting specific antisera with whole serum) alone and combined with a small amount of plasma to facilitate position identification relative to other proteins (Fig. 2) . Thirty identifications have so far been made, and these are shown diagrammatically in Fig.  3 . In almost every case, the molecular weight in NaDodSO4, determined by mobility in the vertical direction, agrees closely with published values; exceptions are ceruloplasmin (which exists in two main forms of about 90,000 daltons, but for which no generally accepted value is available) and apo A-I lipoprotein, which, according to sequence and other studies (21) , should appear at 28,000 daltons instead of less than 23,500 (level of Ig light chains), as observed. Although a number of known proteins remain to be identified, it seems likely that there are in the pattern many hitherto undetected species. If one accepts sample preparation by quick NaDodSO4/ mercaptoethanol denaturation as a valid method of preserving the nondisulfide covalent structure of proteins for subsequent analysis, then this technique should provide an accurate record of the molecular forms present in Mvio. We believe that this may indeed be the only way to obtain such a record, since fractionation of undenatured plasma must upset the equilibrium of modifying enzymes, macromolecular substrates, and inhibitors present in the circulation, and lead to production of nonphysiological protein forms. In our experience, immunoprecipitated proteins almost always correspond better than classically purified proteins to spots in the fresh plasma pattern. The instances in which molecules appear to be present in more than one form (aside from carbohydrate heterogeneity), despite quick denaturation, thus appear to represent true in vvo modifications. Ceruloplasmin, for example, exists as two forms of roughly equal abundance differing by 5,000-10,000 daltons; the larger form interacts strongly with precipitated albumin in the first dimension causing horizontal streaking, while the smaller form does not. The haptoglobin fl-chain also exhibits two components, the smaller (lower molecular weight) one comprising only a few percent of the total (Fig. 2) . Last, we confirm the presence in plasma of two forms of plasminogen differing by about 2000 daltons, the larger of which is more acidic (19) . In each of these examples, the ability to analyze the immunoprecipitate under dissociating conditions has been crucial. Both the existence of in vivo modification and some biophysical data concerning the proteins themselves can be deduced directly from the gels.
A similar pattern results when urea instead of NaDodSO4 is used to make up the sample, except that antithrombin III is not seen. The only probable artifacts discovered so far concern anomalous fluctuations in the apparent molecular weight of a1-antitrypsin in NaDodSO4. Freezing and thawing of isoelectric focusing gels before NaDodSO4 electrophoresis can cause such alterations, but the effect appears not to be due to insufficient NaDodSO4 equilibration before the second dimension, disulfide formation (alkylation has no effect), or proteolysis (fast and slow migrating forms run together when re-electrophoresed in NaDodSO4). Detection of polymorphisms and genetic variants Several polymorphisms are immediately evident from comparisons of plasma from a few individuals: haptoglobin light chains a2, a"', and aIS, Gc-globulin's three forms (22) , several alleles of a, antitrypsin' and two common forms of a2-HS glycoprotein (Fig. 4) . Preliminary results from a series of several hundred plasma samples indicate the existence of rarer allelic forms of arginine-rich lipoprotein and unidentified protein G4 as well (data not shown). In studies of a series of transferrin variants provided by J. V. Neel and coworkers, isoelectric point shifts consistent with the known electrophoretic differences are observed (Fig. 5) . All of this evidence is consistent with the accepted view (11, 23) that single charge differences (due to amino acid substitutions or to chemical modifications) are easily visible in this system. For those proteins (such as transferrin or GI, G2, and G3 in Fig. 3 ) that appear as a series of spots (due to sialic acid or other carbohydrate heterogeneity), a charge change mutation shifts the series as a whole (Fig. 5) . How it is that many charge changes due to mutation can be detected in electrophoretic systems that do not reveal charge heterogeneity due to varying sialic acid content is not clear. Fig. 1 , and labeled to indicate positions of known plasma proteins. Hemopexin and the C3-activator are somewhat obscured by albumin overloading. Ceruloplasmin appears to be present in two major and two minor forms (all between 80,000 and 90,000 daltons), each present as a row of four or more dots due to sialic acid heterogeneity. The highest molecular weight form interacts strongly with the albumin precipitate, while the others do not. Plasminogen exists in two forms: the Glu-form (upper horizontal row of dots) and the Lys-form (lower row, more basic) (19) . Gc-globulin can be present as three spots; the left-hand pair appears to correspond to type 1, and the right-hand spot to the type 2 allele. The immunoglobulin light chains (K and X) are partially resolved (20) and show similar isoelectric distributions. Identification of the lipoproteins is based on the presence of spots in certain of the low (LDL) and high (HDL) density lipoprotein fractions, as well as similarity to isolated materials for the arginine-rich and apo A-I lipoproteins. Platelet actin, Gc-globulin spot 3, and the haptoglobin aiF and als chains are shown although they were not present in the sample run in Fig. 1 . As yet unrecognized glycoproteins G1, 2, 3, and 4 are labeled for use in the text. The hemoglobin a-chain is too basic to appear in a separation with these ampholytes.
The ability to detect mutations in many loci at once is obviously useful for human genetic screening. We estimate that at least 30 gene products could be monitored routinely with 5-to 10-,ud samples of plasma. The estimate is quite conservative in the sense that photographs of the gels could be stored for re-examination at a time when more is understood about variations in the minor spots. With improvements in technique, particularly the removal of nearly all the albumin from samples by immunoadsorption, it should be possible to monitor the products of 60-100 genetic loci by using plasma and simple optical techniques for comparing gels. More sophisticated methods using a computerized densitometer (to be described elsewhere) will hopefully contribute further to sensitivity and speed.
Concerns regarding genetic damage due to pollutants are best met by a human genetic monitoring system followed by appropriate action if increases in mutation rate are observed.
Assuming a baseline mutation rate of 0.5 X 10-5/loCUS per generation, it will require two samples of approximately 6,000,000 observations each to detect a 50% increase in mutation rate (24) . An effort of this magnitude can only succeed given a variety of technical advances (25) . When demonstrate that a relatively well understood collection of proteins can be separated and that some of the major characteristics of each can be determined correctly. We believe this has been done in the present analysis of the plasma proteins, and that a powerful system for human genetic analysis has been generated. The next stage, a survey of human cell types, will require more sophisticated data reduction and new techniques for identifying known components.
